The eects of p38 MAP kinase and ERK on UVB induced c-fos gene expression were studied in a human keratinocyte cell line, FL30. UVB signi®cantly increased c-fos gene expression at both the transcriptional and protein levels. p38 and ERK were also signi®cantly activated after UVB irradiation. Treating the cells with p38 inhibitor SB202190 inhibited p38 activation, but not ERK; treating the cells with MEK-1 inhibitor PD98059 inhibited ERK activation without suppressing p38 activation. The kinase activation was determined by Western blots using phospho-p38 or ERK antibodies, or an in vivo p38 activity assay. Further studies demonstrated that blocking p38 almost completely abrogated UVB induced c-fos gene transcription and c-Fos protein synthesis. Inhibiting ERK partially abrogated UVB induced c-fos transcriptional and protein levels. Suppression of both p38 and ERK not only completely blocked UVB induced c-fos expression, but also decreased c-fos gene basal expression. Our data indicated that p38 may play a more important role than ERK in UVB induced cfos expression in human keratinocytes. Since c-fos expression may play an important role in UVB induced AP-1 activation, and AP-1 activation is known to play a role in tumor promotion, both p38 and ERK could be potential targets for chemoprevention of skin cancer.
Introduction
The major cause of human non-melanoma skin cancer is exposure to the ultraviolet-B (UVB) part of sunlight (Hall et al., 1988) . Although ultraviolet C (UVC) is also a strong photocarcinogen it has less biological signi®cance since it does not reach the earth's surface due to absorbence by the ozone layer (Matsui et al., 1995) . The mechanisms of UV induced skin carcinogenesis include both genetic changes (Chen et al., 1997) and epigenetic changes (Angel et al., 1991) . UV induced epigenetic changes such as induction of a number of transcription factors, including activator protein-1 (AP-1), may play a role in tumor promotion (Barthelman et al., 1998a; Huang et al., 1996) . Several lines of evidence indicated that AP-1 might be involved in cell proliferation, which appeared to play an important role in tumor promotion. AP-1 was only activated in tumor promotion sensitive cells, but not in tumor promotion-resistant cells (Bernstein et al., 1989) .
Blocking tumor promoter-induced AP-1 activity inhibited neoplastic transformation (Dong et al., 1994) . In vivo studies have shown that blocking AP-1 transactivation in malignant cell lines could inhibit their ability to form tumors upon subcutaneous injection into athymic nude mice (Domann et al., 1994) . Furthermore, inactivation of AP-1 by aspirin and salicylates or retinoic acid correlated with inhibition of tumor promoter induced transformation and tumorgenesis Huang et al., 1997) . Since UVB irradiation signi®cantly increased AP-1 DNA binding and/or AP-1 transactivation in human keratinocytes and mice (Chen et al., 1998; Barthelman et al., 1998a) , AP-1 activation may also play a critical role in UVB induced tumor promotion.
AP-1 is a protein dimer that consists of Jun and Fos proteins. There are three Jun proteins (c-Jun, Jun B and Jun D) and four Fos proteins (c-Fos, Fos B, Fra-1 and Fra-2). The AP-1 complex could be either Jun-Jun homodimers or Jun-Fos heterodimers. Our previous study, in which a human keratinocyte cell line HaCaT was used, showed that c-Fos was a major component of the AP-1 complex which bound to a consensus AP-1 binding site (TGAGTCA) (Chen et al., 1998) . We also found that increased c-fos gene expression correlated with UVB induced AP-1 activation. These results indicated that c-fos expression might play a key role in UVB induced AP-1 activation in human keratinocytes. (7)-Epigallocatechin gallate (EGCG), a chemoprevention agent isolated from green tea, inhibited UVB induced c-fos gene expression and AP-1 activation (Chen et al., 1999b; Barthelman et al., 1998b) . It appears that c-fos could be a target gene for chemoprevention of skin cancer. Thus, it is important to further study the signaling pathway of UVB induced c-fos gene expression in human keratinocytes.
According to current knowledge, the UVB signal transduction pathway leading to c-fos transcription could be through multiple mediators from the cell membrane to the nucleus. Mitogen-activated protein (MAP) kinase family is one of the strong candidates among these mediators. MAP kinases belong to a large family of serine/threonine protein kinases. It has been reported that MAP kinases were important regulators of activities of various transcription factors (Huang et al., 1999; Kaminska et al., 1999; Rosenberger et al., 1999; Thomson et al., 1999) . The activation of MAP kinases might be by translocation to the nucleus, where the kinases phosphorylated their targets (Coso et al., 1995) . To date, the MAP kinase family has been found to include JNKs, ERKs and p38. Each family member has a number of subtypes. JNKs are encoded by three genes generating ten protein kinase polypeptides. ERK has two members: p44 and p42; there are ®ve dierent p38 subtypes: p38a, p38b, p38b2, p38g and stressactivated protein kinase 4 (SAPK4). The multiple members of MAP kinases reveals the existence of parallel MAP kinase cascades that may be activated independently or simultaneously.
Transcription of human c-fos gene, in general, was exerted through the serum response element (SRE), an enhancer element located within the promoter region of c-fos gene (Buschev et al., 1988; Janknecht, 1995) although cyclic AMP response element (CRE) region also appeared to be required for full activity of the cfos promoter (Ginty et al., 1994) . The SRE could be recognized by a heterodimer of Serum Response Factor (SRF)-Ternary Complex Factor (TCF, also called Elk-1) (Janknecht, 1995) . ERK activated TCF through phosphorylation of this protein at serine 383 and serine 389 (Janknecht, 1995; Janknecht et al., 1993) . The activated TCF then triggered c-fos gene transcription. It was shown that blocking ERK2 using a dominant negative ERK2 mutant vector could abrogate 12-O-tetradecanoylphorbol-13-acetate (TPA) induced c-fos transcription in HeLa cells (Herrlich et al., 1992) . Recent studies showed that both JNK and p38 phosphorylated the same major sites in the TCF recognized by ERK, and resulted in activation of the TCF (Cavigelli et al., 1995; Raingeaud et al., 1996) . It has been reported that the C-terminus of TCF was a good substrate for all three MAP kinases (Price et al., 1996) . Thus, it is possible that all three MAP kinases may participate in triggering transcription of the c-fos gene. To date, most of the published studies dealing with UV induced signaling pathways, as it relates to induction of c-fos transcription, have used UVC irradiation and non-keratinocytes. Since UVB is more relevant to sun induced human skin cancer, and keratinocytes are a relevant cell type, we have used UVB and human keratinocytes to conduct our experiments. In this study, we have investigated whether MAP kinases were required for UVB irradiation induced c-fos gene expression both at the transcriptional and translational levels, and compared relative contributions of dierent pathways in a human keratinocyte cell line, FL30. The FL30 cells were previously derived from HaCaT cells that were stably transfected with a plasmid containing the human c-fos promoter driving a luciferase reporter gene (Chen et al., 1998) .
Results

UVB signi®cantly activated p38 and ERK
To determine whether UVB could induce activation of the MAP kinases including p38, ERK and JNK in FL30 cells, kinase phosphorylation assays were performed using phospho-speci®c p38 and ERK antibodies by Western analyses. As shown in Figure  1a ,b, UVB signi®cantly increased p38 and ERK phosphorylation between 2 and 10 h after UVB irradiation. It appeared that p38 activation was constant after UVB; however, phosphorylation of ERK gradually increased after UVB. The controls of phospho-p38 and phospho-ERK were shown in lower panels of Figure 1a ,b using p38 and ERK antibodies. The results indicated that UVB induced kinase phosphorylation was not due to eects on the kinase protein levels. JNK was activated within 1 h after UVB; however, we were not able to detect JNK activation between 2 ± 10 h after UVB irradiation (data not shown).
MEK-1 inhibitor and p38 inhibitor suppressed the activation of ERK and p38 induced by UVB In order to examine whether ERK and/or p38 play a role in UVB induced c-fos expression, we ®rst examined UVB induced kinase activity using a specific MAP kinase/ERK kinase 1 (MEK-1) inhibitor PD98059 or a speci®c p38 inhibitor SB202190. Since the MEK-1 is a speci®c upstream kinase of the ERK, suppression of MEK-1 should inhibit phosphorylation of ERK. Our dose response study for the MEK-1 inhibitor (10*100 mM) suggested that 20 mM was sucient to inhibit ERK phosphorylation (data not shown). As indicated in Figure 2a , the MEK-1 inhibitor signi®cantly inhibited UVB induced ERK activation at all time points. We further examined the eect of the p38 inhibitor on UVB induced p38 activation. The p38 inhibitor SB202190 does not aect phosphorylation of p38 (data not shown) since the inhibitor only binds to the ATP pocket of p38 and blocks its intrinsic ATPase activity without aecting its phosphorylation sites (Lee et al., 1994; Cuenda et al., 1995) . In addition, the inhibition of p38 by SB202190 was reversible, therefore, the inhibitory eect could not be detected by in vitro kinase assay of p38 (data not shown, Young et al., 1997; Wilson et al., 1997) . Thus, we performed an in vivo kinase assay to determine p38 activity. MAP kinase activated protein kinase 2 (MAPKAPK2) has been demonstrated to be a specific substrate and downstream kinase of p38 (Rouse et al., Figure 1 UVB signi®cantly activated p38 and ERK. The FL30 cells were cultured in complete DMEM until 95% of con¯uence. The cells were serum-starved for 24 h and washed with phosphate-buered saline. The cells were then exposed to 400 J/ m 2 of UVB. Control cells were mock-irradiated. At indicated time after UVB irradiation, the cells were harvested, and Western analyses were performed with general and phospho-speci®c p38 (A) and ERK (B) antibodies. The results indicated that UVB signi®cantly activated p38 and ERK. 7, mock-irradiated; +, UVB-irradiated 1994; Tan et al., 1996) . If p38 is activated, nonphospho-MAPKAPK2 can be phosphorylated to phospho-MAPKAPK2. Thus, measuring nonphospho and phospho-MAPKAPK2 can be a marker to indicate p38 activity in vivo. Therefore, we developed a convenient Western analysis for measuring p38 activity. As shown in Figure 2b , lanes 1 and 3, UVB increased p38 activity as indicated by the disappearance of the nonphospho-MAPKAPK2 (lower band). To further prove that the lower band was the nonphospho-form and the upper band was the phospho-form of MAPKAPK2, we treated the cell lysates from UVB irradiated cells with protein phosphatase 1 (PP1) in vitro, then ran a Western gel and blotted the membrane with MAPKAPK2 antibody. The results showed that the lower band reappeared after PP1 treatment ( Figure 2b , lane 4) suggesting that, indeed, the lower band was a nonphospho-form and the upper band was a phospho-form of MAPKAPK2. As shown in Figure  2c , 5 mM of p38 inhibitor SB202190 signi®cantly suppressed UVB induced p38 activation at all time points as shown by reappearance of the nonphospho-MAPKAPK2 bands.
In order to con®rm the speci®city of the inhibitors in our system, we tested the eects of p38 inhibitor SB202190 on UVB induced ERK activation and MEK-1 inhibitor PD98059 on UVB induced p38 activation. As shown in Figure 3a , p38 inhibitor SB202190 did not aect UVB induced ERK activation. MEK-1 inhibitor PD98059 did not aect UVB induced p38 activation ( Figure 3b ).
Suppressing either p38 or ERK inhibited UVB induced c-fos transcription and protein expression
To investigate whether p38 or ERK were involved in the signaling pathways of UVB induced c-fos gene expression, we examined the eects of inhibiting either p38 or ERK on UVB induced c-fos transcription in FL30 cells. We have used this model to study UVB induced c-fos gene transcription (Chen et al., 1998) . As shown in Figure 4 , c-fos gene transcription was signi®cantly increased after UVB irradiation as measured by luciferase activity. Blocking p38 activation with p38 inhibitor SB202190 almost completely abrogated UVB induced c-fos transcription (Figure 4a ). Another p38 inhibitor (SB203580, 10 mM) had similar Figure 2 MEK-1 inhibitor PD98059 or p38 inhibitor SB202190 inhibited UVB induced ERK or p38 activation. The FL30 cells were cultured in complete DMEM until 95% of con¯uence. The cells were serum-starved for 24 h and then treated with either MEK-1 inhibitor PD98059 (20 mM) or p38 inhibitor SB202190 (5 mM) for 1 h in serum-free DMEM. The cells were then washed with phosphate-buered saline and exposed to 400 J/m 2 of UVB. Control cells were mock-irradiated. After UVB irradiation, the cells were again cultured in inhibitor containing serum-free DMEM until the cells were harvested at the indicated time, and cell lysates were prepared. Western analysis was performed with phospho-speci®c ERK antibody for determining inhibitory eect of PD98059 on UVB induced ERK activation (a); cell lysates from UV and non-UV groups obtained at 6 h time point were used for protein phosphatase 1 analyses to determine nonphospho and phospho-MAPKAPK2 (b); in vivo p38 activity was performed to determine inhibitory eect of SB202190 on UVB induced p38 activation (c). The results indicate that PD98059 inhibited UVB induced ERK activation and SB202190 inhibited UVB induced p38 activation. The results of protein phosphatase1 analyses proved that the lower bands were nonphospho-forms and the upper bands were phospho-form of MAPKAPK2. 7, mock-irradiated; +, UVB-irradiated; PD, MEK-1 inhibitor PD98059; SB, p38 inhibitor SB202190 inhibitory eects on UVB induced c-fos transcription (data not shown). In addition, we have tested the eects of both p38 inhibitors on UVB induced c-fos transcription in a mass culture of FL cells. The FL mass culture was the population of all clones of HaCaT cells stably transfected with the plasmid containing human c-fos promoter driving luciferase reporter gene. The results were the same as using a single clone cell line FL30 (data not shown) suggesting that blocking UVB induced c-fos transcription by suppression of the p38 was not due to clonal selection of stably transfected cells.
To test whether ERK participated in UVB induced c-fos transcription in human keratinocytes, we treated FL30 cells with MEK-1 inhibitor PD98059 and examined UVB induced c-fos transcription. As shown in Figure 4b , suppression of ERK partially blocked UVB induced c-fos transcription indicating that ERK also played a role in the signal transduction pathway of c-fos transcription. However, it appeared that ERK played a less critical role than that of p38 since suppression of p38 almost completely blocked reporter gene expression.
To further determine whether blocking UVB induced c-fos transcription by suppression of p38 and ERK aected the expression of c-Fos protein, we performed Western analyses to examine the c-Fos protein. Correlated with eects on transcription of the c-fos gene, inhibition of p38 almost completely abrogated c-Fos protein induced by UVB (Figure 4c ). In addition, inhibition of ERK partially suppressed UVB induced c-Fos protein expression (Figure 4c) . These results further supported the fact that both p38 and ERK were required for UVB induced c-fos gene expression in human keratinocytes. Figure 3 Speci®city determination of p38 inhibitor SB202190 and MEK-1 inhibitor PD98059. The FL30 cells were cultured in complete DMEM medium until 95% of con¯uence. The cells were serum-starved for 24 h and then treated with either p38 inhibitor SB202190 (5 mM) or MEK-1 inhibitor (20 mM) for 1 h in serumfree DMEM. The cells were then washed with phosphate-buered saline and exposed to 400 J/m 2 of UVB. Control cells were mockirradiated. After UVB irradiation, the cells were again cultured in inhibitor containing serum-free DMEM for 10 h. The cells were harvested and cell lysates were prepared. Western analyses were performed with phospho-speci®c ERK or p38 antibodies to determine eect of p38 inhibitor SB202190 on UVB induced ERK activation (a) and eect of MEK-1 inhibitor PD98059 on UVB induced p38 activation (b). The results indicate that p38 inhibitor did not inhibit UVB induced ERK activation and MEK-1 inhibitor did not inhibit UVB induced p38 activation. 7, mockirradiated; +, UVB-irradiated; SB, p38 inhibitor SB202190: PD, MEK-1 inhibitor PD98059 A B C Figure 4 Suppressing either p38 or ERK inhibited c-fos transcription and translation. The FL30 cells were cultured in complete DMEM until 95% of con¯uence. The cells were serumstarved for 24 h and then treated with either p38 inhibitor SB202190 (5 mM) or MEK-1 inhibitor PD98059 (20 mM) for 1 h in serum-free DMEM. The cells were then washed with phosphatebuered saline and exposed to 400 J/m 2 of UVB. Control cells were mock-irradiated. After UVB irradiation, the cells were again cultured in inhibitor containing serum-free DMEM until the cells were harvested at the indicated time. The cell lysates were prepared and c-fos gene transcription was measured by luciferase assays. c-Fos protein level was determined by Western analyses. (a) eects of p38 inhibitor on UVB induced c-fos transcription; (b) eects of MEK-1 inhibitor on UVB induced c-fos transcription; (c) eects of p38 inhibitor or MEK-1 inhibitor on UVB induced c-Fos protein. The results indicated that both p38 and ERK were required for UVB induced c-fos gene expression. 7, mock-irradiated; +, UVB-irradiated; SB, p38 inhibitor SB202190; PD, MEK-1 inhibitor PD98059
Suppressing both p38 and ERK completely abrogated UVB induced c-fos transcription and translation
To further evaluate the roles of p38 and ERK in UVB induced c-fos expression, we treated cells with both p38 and MEK-1 inhibitors simultaneously and examined UVB induced c-fos transcription and c-Fos protein. As shown in Figure 5a , suppression of both p38 and ERK decreased both UVB induced c-fos transcription and basal c-fos transcription. In addition, c-fos transcriptional level in UV plus inhibitor treated cells was even lower than that of non-UV irradiated control cells, which indicated that not only were both p38 and ERK required for c-fos transcription, but there was cooperation between p38 and ERK. Eects of both inhibitors in combination on c-fos transcription correlated with their eects on c-Fos protein ( Figure  5b ). This further supports the synergistic eects of both kinases on c-fos expression. We also carried out a trypan blue assay in the combined inhibitor study to determine whether these inhibitory eects were partially due to potential toxicity of the inhibitors. Our results indicated that there were no dierences in the per cent of living cells between dierent groups (data not shown) suggesting that inhibitory eects of both inhibitors on c-fos expression were indeed through suppression of the kinases.
Discussion
We showed previously that c-Fos was a major component of the AP-1 complex which bound to a consensus AP-1 binding site; moreover, increased c-fos gene expression might play a key role in UVB induced AP-1 activation in human keratinocytes (Chen et al., 1998) . It has also been reported that c-fos was an essential component of the mammalian UV response (Schreiber et al., 1995) . The molecular mechanisms of transcriptional regulation of the c-fos gene by UVC light in HeLa cells and NIH3T3 cells has been reported (Price et al., 1996) . In both cell lines, the SRE was required for UVC induced c-fos transcription; the TCF binding site in HeLa cells contributed substantially to the activation. Consistent with this, UVC irradiation activated LexA-TCF fusion proteins more strongly in HeLa cells than in NIH3T3 cells. Activation of TCF by both p38 and ERK in vivo appeared to contribute to the UVC induced c-fos transcription in these cells. Since UVB induced AP-1 activation plays an important role in tumor promotion, the expression of the components of the AP-1 complex, such as Fos and Jun family, is critical for UVB induced skin carcinogenesis. In this study, we further addressed the question of which signaling pathway was involved in UVB induced c-fos gene expression using the same human keratinocytes. It has been shown that UVC strongly activated JNK. By contrast, UVC caused only an insigni®cant increase in ERK activation (Devary et al., 1991; Woodgett et al., 1995) . At present, it is still not understood completely how UVB in¯uences these MAP kinases, especially in human keratinocytes.
In this study, we have demonstrated that UVB irradiation indeed could signi®cantly activate p38 and ERK without aecting their protein levels (Figure 1 ). p38 activation appeared to be constant, whereas activation of ERK gradually increased. UVB induced JNK activation appeared to be a transient event, only lasting about 1 h (data not shown). In contrast to other studies, which reported a transient activation of p38 and ERK (Huwiler et al., 1999; Huang et al., 1999) , we observed in our system that activation of p38 and ERK remained elevated for at least 10 h. This dierence could be due to the fact that dierent cell lines and dierent extracellular stimuli were used. The time course of elevated p38 and ERK activity also correlated well with the kinetics of UVB induced c-fos mRNA, AP-1 DNA binding and AP-1 transactivation as we reported previously (Chen et al., 1998) . This correlation may indicate a potential relationship between p38/ERK and c-fos/AP-1. Further investigation showed that inhibiting either p38 or ERK abrogated c-fos transcription to dierent degrees (Figure 4) . p38 appeared to contribute much more than ERK since inhibition of p38 almost completely blocked UVB induced c-fos transcription and translation; however, inhibition of ERK only partially abrogated the gene expression (Figure 4) . Inhibition of both p38 and ERK simultaneously completely A B Figure 5 Suppressing both p38 and ERK completely abrogated UVB induced c-fos transcription and translation. The FL30 cells were cultured in complete DMEM until 95% of con¯uence. The cells were serum-starved for 24 h and then treated with p38 inhibitor SB202190 (5 mM) plus MEK-1 inhibitor (20 mM) for 1 h in serum-free medium. The cells were then washed with phosphate-buered saline and exposed to 400 J/m 2 of UVB. Control cells were mock-irradiated. After UVB irradiation, the cells were again cultured in inhibitor containing serum-free DMEM until the cells were harvested at the indicated time. The cell lysates were prepared and c-fos gene transcription was measured by luciferase assays. c-Fos protein level was determined by Western analyses. (a) eects of both inhibitors on UVB induced c-fos transcription; (b) eects of both inhibitors on UVB induced c-Fos protein. The results indicated that combined inhibitor treatment not only inhibited UVB induced c-fos expression, but also inhibited c-fos basal expression. 7, mockirradiated; +, UVB-irradiated; SB, p38 inhibitor SB202190; PD, MEK-1 inhibitor PD98059 abrogated UVB induced c-fos transcription and down regulated basal transcription of the c-fos gene ( Figure  5a ). This further supported the fact that both p38 and ERK were required for c-fos transcription and that the p38 and ERK pathways act synergistically in potentiation of UVB induced c-fos expression. Our studies indicated that UVB activated p38 and ERK signaling pathways were not mutually exclusive; the cooperation between these pathways appeared to be important for c-fos gene expression in human keratinocytes. The signi®cance of both p38 and ERK being required for cfos expression is not presently known. Whether the balance of crosstalk between p38 and ERK signaling pathways plays a role in determining cell proliferation or death would be an interesting subject requiring further investigation.
Since p38 has ®ve subtypes, it is unclear at the present time which subtype is actually involved in UVB induced c-fos expression in human keratinocytes. It has been demonstrated that a few p38 subtypes such as p38g and SAPK4 were resistant to pyridinyl-imidazole type of p38 inhibitor. p38g and SAPK4 were shown to phosphorylate predominantly transcription factors such as ATF-2 and were less eective in phosphorylating MAPKAPK2 Goedert et al., 1997; Kumar et al., 1997) . In addition, it has been reported that SB202190 was a speci®c inhibitor of p38a and p38b (Nemoto et al., 1998) . Our study indicated that SB202190 signi®cantly suppressed UVB induced phosphorylation of MAPKAPK2, which implied that p38g and SAPK4 might play relatively less important roles compared to other p38 family members for UVB induced c-fos expression.
It is clear that UVB was a major cause of human non-melanoma skin cancer (Hall et al., 1988) . In the mechanisms of skin carcinogenesis UVB acts as both a tumor initiator and a tumor promoter. The role of UV in the process of initiation includes DNA damage, such as formation of pyrimidine dimers, resulting in cell death or somatic mutation; whereas its role in tumor promotion involves induction of speci®c transcription factors including AP-1 and nuclear factor-kappa B (NFkB) (Coso et al., 1995; Rosenberger et al., 1996) . The mechanisms of AP-1 activation might be through either post-translational modi®cation of pre-existing AP-1 or synthesis of new AP-1 members such as Fos and Jun proteins (Karin, 1995) . Signal transduction pathways leading to activation of AP-1 by UV irradiation have been extensively studied. It was found that atypical PKCs (aPKCs) were necessary for UVB induced AP-1 activation (Huang et al., 1996) . aPKCs were activated by ceramide. UV irradiation also increased ceramide and JNK activation (Lozano et al., 1994; Muller et al., 1995; Raines et al., 1993) . Exposure of cells to C2-ceramide induced dose dependent activation of JNK . In addition, UVB-induced activation of ERK and JNK was strongly inhibited by dominant negative mutant of PKCe and PKCd (Chen et al., 1999a) . Recently, a line of evidence showed that inhibition of ERK activation blocked UVB induced AP-1 activation in mouse epidermal cells, and over expression of ERK restored UV responsiveness, indicating that ERK was necessary for UVB induced AP-1 activation (Huang et al., 1999) . Since c-Fos protein was a major component of the UVB induced AP-1 complex, and increased c-fos gene expression correlated with UVB induced AP-1 activation in HaCaT cells (Chen et al., 1998) , it is important to further pursue the signaling pathways of UVB induced c-fos expression in the same cells. This study, for the ®rst time, demonstrated that both p38 and ERK were required for UVB induced c-fos expression in human keratinocytes. Inhibition of both p38 and ERK may result in decreased phosphorylation of their substrates such as TCF, thereby inhibiting TCF mediated ternary complex formation, which would further interfere with c-fos transcription. Moreover, a novel ®nding in our study is that UVB induced c-fos expression was almost completely abrogated with a low concentration of p38 inhibitor SB202190 in human keratinocytes, which may imply a critical role of p38 in UVB signaling.
Previously, we have shown that EGCG, a polyphenol compound isolated from green tea, not only decreased UVB induced AP-1 activation and c-fos expression, but also inhibited UVB induced p38 activation in human keratinocytes (Barthelman et al., 1998b; Chen et al., 1999b) . These results implied that the mechanism of EGCG inhibition of UVB induced AP-1 activation and c-fos expression might be through inhibition of p38 activation. Based on our current study, it is clear to us that inhibition of p38 by EGCG is indeed the mechanism by which UVB induced AP-1 activation and c-fos expression were suppressed. In light of the role of AP-1 activation and c-fos expression in photocarcinogenesis as well as our current study showing that both p38 and ERK were required for UVB induced c-fos gene expression, p38 and ERK might serve as valuable molecular targets for chemoprevention to ®ght skin cancer.
Materials and methods
Reagents
p38 inhibitors SB202190 was obtained from Calbiochem Corp (La Jolla, CA, USA); MEK-1 inhibitor PD98059, protein phosphatase 1, phospho-speci®c antibodies against p38 and ERK, general p38 and ERK antibodies were obtained from New England Biolabs (Beverly, MA, USA). c-Fos and MAPKAPK2 antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Dulbecco's modi®ed Eagle's medium (DMEM) was obtained from Gibco BRL (Gaithersburg, MD, USA). Fetal bovine serum was obtained from JRH Biosciences (Lenexa, KS, USA). Luciferin was obtained from Sigma Chemical Co. (St. Louis, MO, USA).
Cell culture, UVB irradiation and inhibitor treatment
The human keratinocyte cell line FL30 cells, which was derived from HaCaT cells, contains a plasmid with a fragment of human c-fos promoter (nt 7404 to +41) driving a luciferase reporter gene (Chen et al., 1998) . The FL30 cells were cultured in DMEM with 10% fetal bovine serum and 100 U/ml penicillin/streptomycin at 378C and in 5% CO 2 . The cells were cultured to 95% con¯uence and then serum starved for 24 h. The cells were treated with p38 inhibitor SB202190 or MEK-1 inhibitor PD98059 or both in serum-free medium for 1 h. The cells were then washed with phosphate-buered saline and exposed to 400 J/m 2 of un®ltered UVB irradiation without medium. The total radiation time was about 1 min. A bank of two un®ltered SF20 UVB lamps (National Biological Co., Twinsburg, OH, USA) with a peak emission at 313 nm was used. Control cells were mock irradiated. After exposure to UVB, the cells were continually cultured in serum-free DMEM containing the same amount of inhibitors until the cells were harvested.
Western analyses
10 ± 40 mg of total cellular protein were boiled in 26sample buer (100 mM Tris pH 6.8, 200 mM dithiothreitol, 4% SDS, 20% glycerol, 0.001% bromphenol blue) and resolved on a 12% of SDS-polyacrylamide gel. The protein was transferred to a PVDF membrane by electroblotting at constant voltage overnight at 48C in 25 mM Tris, 190 mM glycine and 20% methanol. The membrane was blocked in 5% nonfat dry milk/TBST (10 mM Tris pH 8.0, 150 mM NaCl, 0.05% Tween 20) at room temperature for 1 h. Primary antibody was diluted at 1 : 1000 (general and phospho-p38, ERK, JNK) or 1 : 2000 (c-Fos) in 5% dry milk/TBST. The membrane was incubated at room temperature for 2 ± 3 h and washed three times for 10 min each. The secondary antibody horseradish peroxidase conjugated goat anti-rabbit IgG (Pierce Chemical Co.) was added at a dilution of 1 : 40 000 ± 60 000 in TBST, incubated at room temperature for 1 h, and then washed three times for 10 min each with TBST. Antigen-antibody complexes were detected using ECL Western blotting detection reagents (Amersham Pharmacia Biotech).
p38 and ERK phosphorylation assays
Total cellular protein was extracted with lysis buer from the MAP Kinase Assay Kit (catalog No. 9800; New England Biolabs). Western analyses for phosphorylation of p38 and ERK were performed by using phospho-speci®c antibodies against their respective phosphorylation sites.
In vivo p38 activity assay Total cellular protein was extracted with lysis buer from MAP Kinase Assay Kit (catalog No. 9800; New England Biolabs). 10 mg of protein was heated at 558C in 26sample buer, loaded on a Western gel, and run at a constant low voltage over night at 48C. The rest of procedures were similar as our regular Western protocol except that incubation with primary antibody was required to be overnight at 48C, and 5% of bovine serum albumin/TBST was used in blocking, primary/second antibody incubation. The primary antibody MAPKAPK2 was diluted at 1 : 1000. Dilution of the second antibody horseradish peroxidase conjugated anti-goat IgG (Santa Cruz Biotechnology) was 1 : 110 000. Both phospho-MAPKAPK2 (the upper band) and/or nonphospho-MAP-KAPK2 (the lower band) could be detected by this method.
Determination of nonphospho and phospho-MAPKAPK2 with protein phosphostase 1(PP1) 15 mg of total cellular protein, isolated either from UVB irradiated or control cells, was treated with 1.5 units of PP1 in 40 ml reaction buer (50 mM Tris pH 7.0, 0.1 mM Na 2 EDTA, 5 mM DTT, 1 mM MnCl 2 ) for 3 h at 308C. The samples were heated at 558C for 5 min in 26sample buer before Western analysis.
Luciferase assay for c-fos gene transcriptional activation 10 mg of total cellular protein was added to 180 ml of assay buer (25 mM glycylglycine, 15 mM K 3 PO 4 , 15 mM MgSO 4 , 4 mM EGTA, 1 mM DTT, 2 mM ATP). The luminescence reaction was initiated in a Monolight 3010 luminometer (Analytical Luminescence laboratory, Sparks, MD, USA) with injection of 100 ml of 0.1 mM D-luciferin in 25 mM glycylglycine, 15 mM MgSO 4 , 4 mM EGTA, 2 mM DTT. Luciferase activity was measured as relative light units.
Abbreviations UVB, ultraviolet B; UVC, ultraviolet C; AP-1, activator protein-1; MAP, mitogen-activated protein; JNK, c-jun NH2-terminal kinase; ERK, extracellular signal-regulated protein kinase; p38, p38 MAP kinase; SAPK4, stressactivated protein kinase 4; MEK-1, MAP kinase/ERK kinase; MAPKAPK2, MAP kinase activated protein kinase 2; SRE, serum response element; TCF, ternary complex factor. TPA, 12-O-tetradecanoylphorbol-13-acetate.
